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a b s t r a c t

A low-cost eco-friendly aqueous foam, especially the robust foam with great tolerance to high salinity
and high temperature, is in great demand in the oil industry, e.g., oil and gas well or geothermal well
drilling. Herein, an ultra-stable aqueous foam was developed using the biodegradable cellulose micro-
fiber (CMF) as a foam stabilizer. The foam stabilized by CMF shows excellent tolerance to the high
concentration of NaCl (6.0 wt%) and CaCl2 (0.25 wt%) and the related drainage half-life times (T0.5) reach
1750 and 2340 s respectively. By contrast, the foams without CMF are completely drained (T0.5 ¼ 0 s)
when NaCl concentration is greater than 6.0 wt% or CaCl2 concentration is greater than 0.20 wt%. Notably,
T0.5 of the foams stabilized by CMF at these saline concentrations still can maintain above 1000 s even
after aging at 120 �C for 16 h, exhibiting an outstanding foam-stabilizing performance at high temper-
ature. Experimental results suggest that the salt and high-temperature tolerance of CMF in foam sta-
bilization is attributed to the electrically uncharged surfaces, the formation of a gel-like structure and the
excellent thermal stability. This work not only provides a promising candidate of aqueous foam stabilizer
to deal with high temperature and high salinity but also presents a natural-based solution for an
environmentally friendly drilling industry in the future.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

The aqueous foam system is composed of a gas-liquid mixed
phase. It has been widely used in various fields, such as food, cos-
metics, ceramics, fire extinguishing, and pharmaceutical industries
(Tang et al., 2020; Wang et al., 2017). Besides, aqueous foaming
fluids have also been extensively applied in oil industries under
harsh conditions, e.g. drilling, oil displacement, fracturing,
geological carbon and hydrogen storage, acidification, and sand
control, especially geothermal drilling and enhanced oil recovery
(Majeed et al., 2019; Zhu et al., 2017; Chaturvedi et al., 2022;
), 15600263100_1@163.com
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Sharma et al., 2022). Aqueous foam is inherently unstable from the
perspective of thermodynamics and kinetics (Joshi, 2021). Due to
the large specific surface area, the foam system has a high free
energy, which leads to its thermodynamic instability and such
instability is unavoidable (Rio and Biance, 2014). Kinetic instability
factors include drainage, coalescence, and disproportionation.
Drainage is a process in which the liquid in the liquid film is lost
under pressure and gravity due to the extrusion of bubbles caused
by surface pressure at the Plateau boundary (Conroy et al., 2013).
Coalescence is caused by the collapse of the membrane between
two adjacent bubbles, resulting in the fusion of two bubbles
(Murray et al., 2006). Disproportionation, on the other hand, is the
transfer of gas from small bubbles to large bubbles, causing the
small bubbles to disappear (Briceno-Ahumada and Langevin, 2017).
In fact, the threemodes of foam instability can influence each other.
For example, when two adjacent bubbles drain, the two bubbles
will be close to each other and the surface will merge, leading to
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film rupture and coalescence. The merging of two bubbles can form
a new large bubble, and the transfer of gas from the relatively small
bubble to the newly merged large bubble can cause dispropor-
tionation (Fameau and Salonen, 2014). Of the three foam instability
mechanisms, disproportionation behavior is the most difficult to
mitigate, as even the most compact surfactant monolayer can only
partially prevent gas from passing through (Disalvo, 1988).

Surfactants are the most frequently used foaming agents, due to
their significant ability to decrease interfacial tension (Singh et al.,
2021). However, the liquid drainage rate is very fast when only a
surfactant is added. Singh et al. (2021) synthesized a bio-resource
green surfactant (fenugreek seeds), and it showed good foaming
and CO2 foam stability up to 90 �C. According to previous studies
(Wang et al., 2013; Emrani and Nasr-El-Din, 2017), the addition of
polymer can play a good role in stabilizing bubbles. Water-soluble
polymers, such as polyacrylamide, can improve foam stability by
increasing the viscosity of base fluid (Pu et al., 2017; Narukulla et al.,
2022). Pandey et al. (2021) explored the effect of temperature (30,
70, and 90 �C) on CO2 foam prepared by a nonionic polymer (guar
gum) and a surfactant (TX-100), and studied the influence of vis-
cosity on the system performance, but did not cover the study
under high temperature conditions. Various other foams have been
made from the mixture solution of surfactants and polymers
(Pandey et al., 2021; Sun et al., 2019). However, the thermal stability
is far from satisfactory due to interaction variation and thermal
degradation at high temperature.

The particles exhibit greater foam stabilizing ability because of
the dramatically increased free energy of desorption. Therefore, the
particles can accumulate and form a thick and mechanically robust
layer at the interfaces between liquid and gas, and thus inhibit the
coalescence of the bubbles (Qiao et al., 2020). Particle stabilizer has
been widely studied and applied in the oil industry. Yang et al.
(2019) previously made Janus silica nanoparticles and found that
a commercial foaming agent can withstand temperature extremes
of up to 280 �C using the Janus nanoparticles as a stabilizer. In
another study, magnesium aluminum silicate nanosheets raised the
temperature resistance up to 320 �C, showing much better foam
stabilization ability of nanosheets compared to nanoparticles
(Wang et al., 2020). In addition to the thermal stability, the stability
of the foam in the presence of salts is also important since the
formation water is saline.

Salt can inhibit the coalescence of bubbles above the transition
concentration; thus affecting the stability and foamability of the
foam. According to previous studies (Firouzi et al., 2015; Yaminsky
et al., 2010), the effect of salt on foam stability depends on the
concentration of surfactant in the system. When the surfactant
dosage is below the critical micelle concentration, the addition of
salt will promote foam stability because of the enhanced surfactant
adsorption, while above the critical concentration, the increasing
effect weakens and eventually remains the same or declined. The
addition of salts has a similar influence on foamability. Foaming
agents were usually added at concentrations above the critical
concentration to prevent loss during circulation. In this case,
foaming agents can be crippled when encountering high saline
solution (Firouzi et al., 2015; Amani et al., 2021; Del Castillo et al.,
2011). In surfactant-only foam systems, when there is no salt in
the system, the foam liquid film is stabilized by electrostatic
interaction, and the electrical double layer repulsive surface force
plays the role of providing separation pressure, slowing down or
preventing the water drainage of the liquid film, so that the foam
remains stable. When a certain concentration of salt is added, the
mutual adsorption of cations and surfactants at the air-water
interface leads to a decrease in the mobility of the interface, and
with increasing salt concentration, the migration rate becomes
lower and lower, thus slowing the rate of diffusion and penetration
2500
of gases, so as to increase the stability of the foam (Craig, 2004).
When the salt concentration exceeds the critical concentration, the
excess salt reacts with the surfactant to form a precipitate, resulting
in a significant decrease in the foaming and foam stabilization
properties of the system (Zhang et al., 2017). We speculate that the
effect of salt on foam stability can be mitigated by adding nano or
micro materials as foam stabilizer.

According to Derjaguin-Landau-Verwey-Overbeek (DLVO) the-
ory, colloidal stability of nano and micro-materials in water is
related to electrostatic repulsion of surface charged functionalities
and van der Waals attractive energy (Montes Ruiz-Cabello et al.,
2013). The effect of salt on the stable bubble of nano particles or
nano fluid can be attributed to the electrostatic action. For nano-
fluid foam stabilizer, high salt concentration will greatly reduce the
repulsive force between nanoparticles, leading to serious agglom-
eration phenomenon, and then reduce the uniformity of nano-
particles on the foam liquid film, and eventually lead to worse
bubble stabilization (Chaturvedi et al., 2021; Chaturvedi and
Sharma, 2021). However, when surfactant is introduced into the
system, the effect of salt on the stability of the foam system has not
been clearly determined. What is clear is that, in some previous
studies, the drainage half-life of foam systems decreases with
increasing salt concentration, which is not beneficial for downhole
applications. Janus particles/surfactant foam system and nano-
magnesium aluminum silicate/surfactant system are two typical
examples (Yang et al., 2019; Wang et al., 2020). Zwitterionic and
neutral surfaces are less insensitive to electrolyte and their vis-
cosity is increased with salinity, which can mitigate the foam
destruction process. Therefore, the nano or micro-sized materials
with previous characteristics might serve as an effective method.
Especially, neutral surfaces absorb comparatively less foaming
agent, which is beneficial to the foaming process. Besides, the
current environmental issues and carbon peaking and carbon
neutrality goals have led to new trends using eco-friendly, low-cost,
and sustainable materials for the oil industry (Gupta, 2019).
Therefore, the neutral nano or micro-materials made from natural
polymers should be the appropriate candidates for aqueous foam
stabilizer with adequate salt tolerance.

Cellulose is themost abundant natural polymer on earth and has
been successfully transformed into diverse micro or nano-
materials, such as cellulose micro/nanofibrils (CMFs/CNFs) and
cellulose nanocrystals (CNCs), using TEMPO oxidation method.
Xiang et al. (2019) confirm that CNF can improve the stability of
anionic surfactant stabilized foam. Lv et al. (2021) have successfully
applied CNF to foam stability, and studies have shown that the
addition of CNF can effectively inhibit liquid film drainage and gas
diffusion, so as to improve foam stability. Another study of CNF-
stabilized water-based foam systems shows that the addition of
NaCl and CaCl2 can weaken the stability of the system because the
carboxylated CNF interacts with salt ions to form aggregates (Ishii
et al., 2022). It should be noted that CMF, CNF, and CNC from
TEMPO oxidation method are too expensive for application in the
oil industry. More importantly, the inherent charges on the surface
of CMF, CNF, and CNC due to the introduction of carboxyl groups
weaken their salt tolerance, resulting in poor downhole foaming
stability.

Herein, we employed uncharged cellulose microfibrils (CMF)
instead of charged cellulose nanocrystal as a foam stabilizer with
excellent foaming stability, thermal stability, and salt tolerance.
Foam stability after the addition of CMF and salts was thoroughly
investigated to reveal the effect of micro-dimension and
morphology of CMF on its foam stabilizing performance. The salt
tolerance and high-temperature resistance of the CMF-stabilized
foam were evaluated via the initial aqueous foam volume (V0)
and drainage half-life (T0.5) of the CMF dispersion at different
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concentrations of NaCl and CaCl2. The experimental results showed
great prospects for the use of CMF as a sustainable foam stabilizer in
drilling field with harsh conditions, i.e., high salinity and high
temperature. Additionally, since CMF is a wood-based material, it
can be mass-produced, and due to its biodegradability (Klemm
et al., 2005), it does not cause significant harm to the environment.

2. Experimental section

2.1. Materials

CMF which are microfibrils with a length of tens of micrometers
and a diameter less than 3.0 mm were supplied by the Institute of
Chemistry, Chinese Academy of Sciences. A commercial foaming
agent AD300 was supplied by Dongying Aoda Petrochemical Co.,
Ltd. (China). Polyacrylamide (PAM), hydroxyethyl cellulose (HEC),
hydrophilic nano silica (Nano-SiO2) and other chemicals were of
analytical grade and purchased from Beijing Inokai Technology Co.,
Ltd (China). All chemicals were directly used as received.

2.2. Characterization of CMF

The CMF was dispersed into deionized (DI) water with a
vigorous stirring for 30 min to prepare 0.01 wt% CMF dispersion.
The microstructure of the dispersed CMF was observed under an
optical microscope (DM4M, Leica, Germany). The micromor-
phology of the dried CMF was performed using a scanning elec-
tronic microscope (SEM, SU8010, Hitachi, Japan). CMF dispersion
was dropped on a holder and dried at 60 �C prior to measurement.

The thermal stability of CMF was determined by thermogravi-
metric analysis (TGA, Pyris-1, PE, USA) at a heating rate of
10 �C$min�1 and under N2 flow.

The chemical structure of CMF was confirmed through a Fourier
transform infrared spectrometer (FTIR, Magna-IR 560, Nicolet, USA)
in the wavenumber range of 4000e400 cm�1 and at a resolution of
4 cm�1.

The interlayer distance of CMF was determined by X-ray
diffraction (XRD) measurements (Rigaku, Japan) with Cu target
(l ¼ 1.5406 Å). CMF was measured in the range of 5e25� at a
scanning rate of 0.5�$min�1. The basal spacing was analyzed ac-
cording to Bragg's equation.

The Zeta potential of CMF dispersion was determined using a
nanoparticle size and Zeta potential analyzer (SZ-100, Horiba,
Japan). The concentration of CMF dispersion was 0.1 wt%.

2.3. Preparation of CMF/AD300 mixture dispersions

A total of 100 mL of CMF dispersions (1.0 wt%) was prepared by
mechanical stirring at 1000 rpm for 30 min. Then, 0.4 wt% AD300
was added to each dispersion and stirred at 1000 rpm for an
additional 10 min. Hereafter, NaCl (1.0e7.0 wt%) or CaCl2
(0.05e0.3 wt%) was added into the CMF/AD300 mixture disper-
sions to evaluate the monovalent and divalent salt tolerance of
foam, respectively.

The behavior of dispersion after aging at high temperature was
then tested. In detail, 350 mL dispersions of the CMF/AD300
mixturewere prepared and transferred into aging tanks (Tongchun,
China), followed by hot rolling at 120 �C for 16 h in a roller oven
(Tongchun, China). After the temperaturewas cooled down to room
temperature, the thermally aged dispersions were obtained.

2.4. Performance of CMF on foaming ability and foam stabilization

Foamability and foam stabilizationwere tested using a modified
Waring blender method. A total of 100 mL of dispersion was
2501
vigorously stirred at 11,000 rpm for 1.0 min. After stirring, the well-
prepared foams were promptly transferred into a measuring cyl-
inder. Then V0 and T0.5 were recorded to evaluate the foamability
and foam stability, respectively. V0 is the initial foam volume; while
T0.5 is the time required for the foam to drain 50% of the original
liquid volume.

A portion of the as-prepared foam was placed on a slide and
gently covered with a coverslip. The morphology of the bubbles
over time was observed with the optical microscope mentioned
above. Film thickness and bubble diameter were obtained by
analyzing the micrographs through ImageJ software.

Cryo-SEM imaging was performed on an FEI Helios NanoLab G3
CX Emission SEM (USA) equipped with a Quaroum PP3000T low-
temperature sample holder, to examine foam morphology. The
samples were loaded on the cryo-specimen holder and cryo-fixed
in liquid nitrogen, then quickly transferred to the cryo-stage
(Quorum Technologies, PP300T, East Sussex, UK), a chamber
attached to the microscope. Once the sample was inside the
chamber, the sample was fractured to obtain cryosections for ex-
amination. The surface was then coated with wolfram (10mA, 30 s)
and then transferred to the microscope chamber where it was
analyzed at a temperature of �180 �C.

2.5. Rheological properties measurements

The rheological properties of different dispersions were deter-
mined by a ZNN-D6L rotational viscometer (Tongchun, China), and
operated at the rates of 600 and 300 rpm. The apparent viscosity
(AV) and plastic viscosity (PV) were calculated according to the
following equations:

AV ¼ q600/2 (1)

PV ¼ q600�q300 (2)

where q600, and q300 are the readings at 600 and 300 rpm,
respectively.

The elastic modulus (G0) of the dispersions was tested using the
lamina module of the rheometer (Haake MARS 60, Thermo Fisher
Scientific, USA). The conical rotor model was C35 1�/Ti (the cone
angle of the rotor was 1� and the diameter was 35mm), and the gap
between the rotor and the sample stage was 0.053 mm during the
test. The strain scan was performed with a fixed frequency of 1 Hz
and in a strain range of 0.01%e1.0%. A strain of 0.1% was selected
during the frequency sweep, the suspension was in the linear
viscoelastic region at this time, and the frequency range was
0.1e10 Hz. To eliminate shear interferences when loading samples,
each sample was pre-sheared (3min at 1000 s�1) before the start of
each measurement, and rested for 5 min before the following tests.

The surface tension and the interfacial dilatational modulus of
different dispersions of CMF/AD300 mixture were measured by a
tensiometer (Tracker-H, Teclis, France) at a sinusoidal oscillation
frequency of 0.1 Hz.

3. Results and discussion

3.1. Fundamental properties of the foam stabilizer CMF

Cellulose is the most abundant natural polymer on earth. It is an
amphiphilic polysaccharide that hierarchically self-assembles into
fibers. Therefore, cellulose is a perfect low-cost and sustainable raw
material to make up micro, nano-fibers for oilfield applications
(Alqus et al., 2015; Medronho et al., 2012; Yokota et al., 2021). As
depicted in Fig. 1(a), the uncharged CMF was obtained from the
wood pulp to stabilize the aqueous foam for the hydrothermal well



Fig. 1. Fundamental properties of CMF for foam stabilization. (a) Origin of CMF for foam stabilization in schematic illustration. (bec) Digital and microscopic photographs of CMF in
aqueous suspension. (d) SEM image of the dry CMF. (eeg) FTIR, TGA, and XRD analysis of CMF. (h) Zeta potential of CMF in aqueous suspension. (i) Surface tension of CMF/AD300
mixtures at different concentrations of CMF (wt%), respectively. (j) Foam volume (V0) and drainage half-life (T0.5) of the foam stabilized with CMF at different concentrations (wt%).
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drilling under harsh circumstances (high temperature and high
salinity). Fig. 1(b) also shows that CMF is a stable opalescent
dispersionwith regular morphologies and relatively uniform size in
water. In detail, these are microfibrils with a length of tens of mi-
crometers and a diameter less than 3 mm (Fig. 1(c)), corresponding
to an aspect ratio between 10 and 100. The relatively large specific
2502
surface area ensures complete hydration and stable dispersion of
CMF in water. The SEM image in Fig. 1(d) shows that the dried CMF
self-assembled a smooth and flat membrane. Fig. 1(e) shows the
typical FTIR spectrum of CMF (3347 cm�1, eOH, stretching vibra-
tion; 1646 cm�1, OeH, bending vibration; 1445 cm�1, CeH, bending
vibration; 1315 cm�1, eOeH, bending vibration; 1198 cm�1 and
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1016 cm�1, eCeO, stretching vibration).
The XRD patterns of CMF are illustrated in Fig. 1(g). The broad

and flat peak around 22� indicates that the crystalline degree of
CMF was decreasing compared to natural cellulose (Chen, 2014).
This result demonstrates the successful manufacture of CMF.

The TGA result in Fig. 1(f) demonstrates that CMF is thermally
stable below 293.0 �C. When the temperature is raised from 293 to
373 �C gradually, the weight of CMF drops from 98.2% to 22.3%.
However, up to 600 �C, 17.98% remained. The TGA measurement
reveals that the CMF possesses great thermal stability to withstand
the high downhole temperature.

The Zeta potential measurements (Fig. 1(h)) of CMF are as
followed: �2.9, �2.5, and �3.4 mV, and the average value is
about �2.93 mV. According to previous research, the potential of
cellulose nanocrystal (CNC) from TEMPO oxidation is generally
about �37 mV (Banerjee et al., 2020). In contrast, the surface po-
tential of CMF is negligible.

3.2. Foam stabilization performance of CMF

The foaming agent, AD300, is high temperature resistant and is
used to evaluate the foam stabilization performance of CMF. The
critical micellar concentration (CMC) of AD300 is 0.35 wt%. Fig. 1(i)
shows that the surface tension of CMF/AD300 dispersion increases
with increasing CMF concentration (0e2.0 wt%). When the con-
centration of foaming agent is higher than 0.35 wt%, colloidal ag-
gregates are produced (Bąkowska et al., 2022; Novev et al., 2017;
Chaiyasit et al., 2007), but in the dispersion of the CMF/AD300
mixture, a small amount of AD300 is adsorbed on the surface of
CMF, which leads to a slight increase in CMC. It is precisely because
of the adsorption phenomenon that the dosage of AD300 in the
system must be set slightly higher than 0.35 wt% to ensure a stable
foam system. Therefore, we determine that the concentration of
AD300 is 0.40 wt%.

Fig. 1(j) illustrates that V0 and T0.5 without salt are functions of
CMF concentration. With increasing CMF concentration, V0 shows a
gradually decreasing trend. In detail, V0 decreases from 620 to
285 mL with the increase from 0 to 2.0 wt% of CMF. Regarding foam
stabilization performance, T0.5 displays a positive correlation with
CMF concentration, and it significantly increases from 566 to
18,480 s, about 32.6 times in the same concentration range of CMF.
To ensure sufficient foaming ability, in the following study, 1.0 wt%
of CMF is added if no special statement is given. In this case, V0
reaches 450 mL and T0.5 is as high as 924 s. Compared to the AD300
solution, the T0.5 of the dispersion of CMF/AD300 mixture is
increased by 1.6 times.

In order to demonstrate the benefits of CMF in foam stability and
salt tolerance, a series of controlled experiments are conducted.
Three commonly used foam stabilizers including PAM, HEC, and
Nano-SiO2 are selected. Their foam stabilities at ambient temper-
ature are explored and compared with CMF. Their concentrations
are determined according to their viscosities. PAM and HEC are of
high viscosity due to the high molecular weight, and the concen-
tration is 0.1 wt%; while Nano-SiO2 has similar viscosity with CMF
and the concentration is 1.0 wt%. As shown in Fig. 2(a) and (b), the
foaming volume of the PAM stabilized foam system is much smaller
than that of the other three foam stabilizing agents, and the
foaming volume shows a decreased tendency with increasing NaCl
or CaCl2 dosage. When the NaCl dosage is 6.0 wt%, the foaming
volume is reduced to only 150 mL. Therefore, PAM exhibits a severe
impact on the foaming ability, while the foamability of CMF, HEC
and Nano-SiO2 has no big difference. Regarding the foam stabilizing
effect (Fig. 2(c) and (d)), the system containing PAM shows the
longest drainage half-life, and increases with the dosage of NaCl or
CaCl2. The drainage half-life of the system containing Nano-SiO2 is
2503
shorter at all salinities. HEC and CMF have better foam stabilizing
performance; it is because of the amphiphilic property of cellulose-
based materials. At low dosage of NaCl or CaCl2, the drainage half-
life of the system with HEC is slightly higher than that of CMF
containing system. With increasing the concentration of NaCl or
CaCl2, the drainage half-life of CMF containing system gradually
exceeds that of HEC. It indicates that the addition of CMF is
conductive to enhancing the foaming and foam stabilization per-
formance in presence of salt simultaneously. The temperature
resistance comparison between CMF and HEC is performed at
120 �C (Fig. 2(e)‒(h)). At low salt concentration, the foaming vol-
ume of HEC foam system is higher than that of CMF foam system,
but with the increase of NaCl or CaCl2, the latter exceeds. From the
perspective of drainage half-life, the drainage half-life of CMF foam
system increases with increase in NaCl or CaCl2 concentration,
while the drainage half-life of HEC foam system exhibits a decrease
trend and the drainage half-life of the former is always greater than
that of the latter. At 120 �C, the foam system stabilized by CMF has
better stability.

3.3. Salt tolerance of the foam stabilized by CMF

To simulate saline formation water, the dispersion of the CMF/
AD300 mixture is contaminated with NaCl or CaCl2 with varying
concentrations beforemeasurements. It is observed that V0 shows a
decreasing trendwith increase in the concentration of NaCl or CaCl2
(Fig. 3(a) and (d)). When NaCl is less than 6.0 wt%, V0 decreases
slightly, and the total volume reducesmerely by 50mL compared to
that without NaCl. However, when the concentration of NaCl is
continuously increased from 6.0 to 7.0 wt%, V0 drops dramatically
from 400 to 355 mL. The influence of CaCl2 on the foam stability is
similar to NaCl. It has a moderately negative impact on V0 when
CaCl2 concentration is less than 0.25 wt%, while V0 strongly de-
creases when the concentration is above 0.25 wt%. Comparatively,
CaCl2 has a greater impact on foaming ability than NaCl. The effect
of saline concentration on T0.5 is also assessed. As shown in Fig. 3(c)
and (f), T0.5 shows amonotonically increasing trendwith increasing
NaCl concentration. Specifically, when the NaCl concentration in-
creases from 0 to 7.0 wt%, T0.5 is extended from 924 to 1921 s. When
the concentration of CaCl2 increases from 0 to 0.3 wt%, a turning
point of T0.5 showed at 0.25 wt% of CaCl2 instead of a monotonic
trend. However, when the concentration of CaCl2 increases from
0 to 0.25 wt%, T0.5 extends from 924 s to the maximum value of
2340 s, continuing to increase the CaCl2 concentration to 0.3 wt%,
T0.5 shows an obvious decrease from 2340 to 1990 s. The effect of
salt on foam stability has been studied experimentally and theo-
retically. The effect of salt on foam system is twofold (Firouzi et al.,
2015; Yaminsky et al., 2010). Below the critical value, the increase of
salt concentration will promote the stability of the foam system,
and beyond the critical value, the stability of the foam system will
gradually weaken. This also explains the turning point in the
drainage half-life curve shown above. In a study of CNF-stabilized
water-based foam by Ishii et al. (2022), the addition of salt can
increase the adsorption capacity of negatively charged CNF at the
air/liquid interface, thus increasing the viscoelastic modulus, which
will promote the foam to be more stable. When the salt concen-
tration exceeds a certain value, excessive cations (Naþ, Ca2þ) easily
leads to the formation of unevenly dispersed CNF aggregations,
which reduces the stability of foam. In the study, salt ions affect the
distribution of CNF mainly through electrostatic interactions. By
contrast, in our study, CMF is almost electrically neutral, and the
electrostatic interactions are much weaker. Based on this, it is
necessary to deeply explore the effect of salt on CMF.

Two main reasons affect the stability of the foam, namely the
drainage of the bubbled liquid film and the diffusion of the gas



Fig. 2. Foam volume of the foam stabilized by CMF, PAM, HEC and Nano-SiO2 at (a) different NaCl concentrations and (b) different CaCl2 concentrations at ambient temperature;
drainage half-life of the foam stabilized by CMF, PAM, HEC and Nano-SiO2 at (c) different NaCl concentrations and (d) different CaCl2 concentrations at ambient temperature. Foam
volume of the foam stabilized by CMF and HEC at (e) different NaCl concentrations and (f) different CaCl2 concentrations after aging at 120 �C; drainage half-life of the foam
stabilized by CMF and HEC at (g) different NaCl concentrations and (h) different CaCl2 concentrations after aging at 120 �C.
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phase through the liquid film. Drainage of the bubbled liquid film
occurs when the surface pressure from the plateau boundary forces
bubbles to squeeze each other, leading to the loss of the liquid from
the bubble films under pressure and gravity. As a result, the bubble
films become thinner and thinner until the bubbles burst. The
2504
diffusion of the gas phase across the liquid film is divided into two
cases: for the bubbles at the edge of foam, the gas directly bursts
into air and for the bubbles inside the foam, the gas in the small
bubbles diffuses towards larger bubbles because smaller bubbles
generally have higher internal pressure. Then the small bubbles



Fig. 3. Salt tolerance of the foam stabilized by CMF. (a) Foam volume (V0), (b) microscope images at different time, and (c) drainage half-life (T0.5) of the foam stabilized by CMF at
different concentrations of NaCl (wt%). (d) Foam volume (V0), (e) microscope images at different time, and (f) drainage half-life (T0.5) of the foam stabilized by CMF at different
concentrations of CaCl2 (wt%).
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disappear and the foam volume decreases. As depicted in Fig. 3(b)
and (e), the foam undergoes disproportionation and coalescence
over time. The bubbles in the foam with NaCl and CaCl2 are richer
and delicate in comparison with the control group. It is observed
that the bubbles in the control group disproportionate and coalesce
very quickly. After 5.0 min, the number of small bubbles is greatly
reduced, while the number of large bubbles increases significantly.
After 15.0 min, small bubbles almost disappear. On the other hand,
for foams with NaCl and CaCl2, the rate of disproportionation and
coalescence is slowed down. Only a few large bubbles exist after
5.0 min, and there are still a large number of small bubbles after
15.0 min. As the concentration of NaCl and CaCl2 is increased, the
foam stability is further improved.
3.4. High-temperature (120 �C) tolerance of the foam stabilized by
CMF

The foam stability of the dispersion of CMF/AD300 mixture is
further evaluated after being aged at 120 �C. As illustrated in
Fig. 4(a) and (b), the foam volume, V0 shows a decreasing trend
with increasing NaCl or CaCl2 concentration, exhibiting remarkable
2505
similarities with before aging. Additionally, V0 increases slightly at
each salinity compared with those before aging. As shown in
Fig. 4(c) and (d), T0.5 still increases with the increase in NaCl and
CaCl2 concentrations. When the concentration of NaCl increases
from 0 to 6.0 wt%, T0.5 increases from 912 to 1149 s, with an increase
of 1.25 times. When the concentration of CaCl2 increases from 0 to
0.25 wt%, T0.5 increases from 912 to 1171 s, with an increase of 1.28
times. Compared with before aging, T0.5 is decreased. Also, the in-
crease of T0.5 decreases with the increase of NaCl and CaCl2 con-
centrations. Liquid phase viscosity is one of the factors affecting
foaming ability and foam stability. The decreases viscosity due to
thermal treatment results in the dispersion, exhibiting better
foaming properties and relatively poor foam stabilization after
aging, which will be elaborated in the following part.
3.5. Foam-stabilizing mechanism study of CMF

3.5.1. Surface tension
According to the Gibbs principle, the system always tends to

adopt a lower surface energy mode. Low surface tension results in
low surface energy, thus generating a stable multi-phase system



Fig. 4. High-temperature (120 �C) tolerance of the foam stabilized by CMF. (a) Foam volume (V0) and (c) drainage half-life (T0.5) of the foam stabilized by CMF at different con-
centrations of NaCl (wt%) after aging at 120 �C. (b) Foam volume (V0) and (d) drainage half-life (T0.5) of the foam stabilized by CMF at different concentrations of CaCl2 (wt%) after
aging at 120 �C.
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(Wang et al., 2016). As depicted in Fig. 5(a) and (b), the addition
NaCl and CaCl2 decreases the surface tension, consistent with that
reported in the literatures. However, the foaming ability is reduced
with increasing salt concentration, although the reduction of sur-
face tension is favorable to make up foam and producing a larger
foam volume theoretically. It is speculated that salt interacts with
AD300 and CMF, which impedes the foaming process. Unlike the
foaming ability, the foam stability is enhanced as NaCl and CaCl2
concentrations increased. This can be explained mainly by the fact
that the reduction in the volume of foam results in a decrease in the
volume percentage of the air phase, thus corresponding to a better
stability of the foam. Reduction of foamvolume and surface tension
are not sufficient conditions for improving foam stability. Abascal
and Gracia-Fadrique (2009) studied the surface tension and foam
stability of commercial calcium and sodium caseinates. Although
CaCN and NaCN has similar surface tension and critical concen-
tration, However, the foam stability of NaCN is better than that of
CaCN, because it takes longer time for CaCN to reach equilibrium at
critical concentration and the molecular surface area is larger. The
foam stability is also poor when the foam volume is reduced due to
incomplete foaming. Therefore, it deserves to shed deep light on
the stabilizing mechanism of foam.
3.5.2. Interfacial dilational modulus
In our study, the foam includes gas, liquid and solids, and the

stability of the foam mainly depends on the stability of the liquid
2506
film, which can be well characterized by the interfacial dilational
modulus. The resistance and self-repair ability of the liquid film are
positively correlated with the interfacial dilational modulus. The
larger the interfacial dilational modulus is, the stronger the resis-
tance and self-repair ability of the liquid film will be (Yao et al.,
2018; Xie et al., 2019). As shown in Fig. 5(c) and (d), all interfacial
dilational modulus are unchanged over time. The interfacial dila-
tional modulus of the dispersion of the CMF/AD300 mixture is
about 1.0 mN$m�1. With the addition of NaCl and CaCl2, the
interfacial dilational modulus increase. When NaCl is added at a
concentration of 6.0 wt%, the interfacial dilational modulus in-
creases to approximately 4mN$m�1. The as-prepared foam displays
the longest T0.5. Similar to NaCl, the interfacial dilational modulus
increases to a maximum value when the concentration of CaCl2 is
increased to 0.25 wt%.

A foam with a high interfacial dilational modulus can prevent
drainage, Ostwald ripening and bubble coalescence in the foam,
thus exhibiting better stability. However, according to the
Gibbs stability criterion E > g/2, where E is the dilational elasticity
(mN‧m�1), and g is the surface tension (mN‧m�1) (Yao et al., 2018),
the foam in our study is unstable from the energy point of view
since the interfacial dilational modulus is well below half its surface
tension. As for the saline/CMF solutions with the same interfacial
dilational modulus when adding each of them at a certain con-
centration CaCl2 series display stronger foam stabilization capacity
than NaCl series, taking 0.05 wt% CaCl2 and 2.0 wt% NaCl as an



Fig. 5. Fundamental properties of the foam stabilized by CMF. (a) (b) Surface tension, (c) (d) interfacial dilational modulus, (e) (f) bubble film thickness, and (g) (h) bubble diameter
of the foam at different concentrations of NaCl and CaCl2 (wt%). The concentration of CMF was 1.0 wt%.
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example. The foam system that follows the Gibbs stability criterion
is stable, but this criterion obviously has its applicable scope. The
CMF foam system in this study can still maintain good stability even
if it does not meet this criterion. This system has been found in
other studies (Wang et al., 2020). In order to more accurately
explain the bubble stabilization mechanism of CMF, other
2507
properties of the bulk need to be further tested. According to
existing studies (Wang et al., 2019; Czakaj et al., 2020), nano-
cellulose will be gelation under the action of salt, which will in-
crease the viscoelastic modulus of the system and make the foam
more stable. Based on this, it is necessary to further study the
rheology of CMF system.
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3.5.3. Bubble film thickness and diameter
The thickness of the liquid film and the bubble diameter are the

basic properties of the foam. From Fig. 5(e)‒(h), as the concentra-
tion of NaCl and CaCl2 increasing, the average liquid film thickness
of the bubbles increase, while the average diameter of the bubbles
decreases. It is in accord with the foam stability performance and
the interfacial dilational modulus results. The increase in viscosity
may hinder the penetration of gas into the dispersion and migra-
tion of surfactant molecules from the dispersion to the air/liquid
interface, thus resulting in a decrease in the initial foamvolume and
simultaneously in the diameter of the bubbles, and the thickness of
the foam film has been increased during the foaming process. CMF
is entangled with each other and can form a network structure.
With the addition of salt, NaCl and CaCl2 dissolved in water can
form hydrated Naþ, hydrated Ca2þ and hydrated Cl� (Briscoe et al.,
2000). They break the hydrogen bonds between CMFs and form
hydrogen bonds with the hydroxyl groups on the surface of CMF.
Through hydrogen bonds between ionized water molecules and
hydroxyl groups on the surface of CMF, CMF accumulates more at
the air/liquid interface, which increases the thickness of liquid film.
With the addition of salt, the thickness of foam film increases,
therefore the foam stability improves. The increased stability im-
proves the ability of the system to prevent bubble coalescence,
hence the average bubble size observed is smaller.

3.5.4. Rheological properties of dispersions
As shown in Fig. 6(a) and (c), the presence of NaCl or CaCl2 in-

creases the AV of the dispersion. Increasing AV impedes the
migration of molecular surfactants to the air/liquid interface and
reduces the foaming efficiency and results in decreased foam vol-
ume. While higher dispersion viscosity delays the drainage process
of the liquid film and slowing the rate of the film thinning, which
promote the increase of foam stability (Said et al., 2022; Wei et al.,
2022). However, AV no longer increases when more NaCl and CaCl2
are added, but the foam volume and stability substantially de-
creases and increases, respectively. After aging, AV of all solutions
drops evidently, but it remains insensitive to salt concentration as
before aging (Fig. 6(b) and (d)). AV is composed of the friction be-
tween particles, solvent, polymers, and surfactants and the
strength of the network structure. Although AV no longer changes
as the salt concentration increases, the structure is literally
enhanced according to the elastic modulus results (Fig. 6(e) and (f)),
which in turn increases the structural strength and improves foam
stability. Furthermore, the G0 discrepancy between NaCl and CaCl2
series is consistent with the foam stability results. Therefore, the
rheological property, especially the strength of the network struc-
ture, contributes a lot to the stability of the foam as the salinity
increases.

The effects of salt on the rheological properties the CMF
dispersion are multiple, among which the CMF-solvent interaction
and the electrostatic interaction between CMF and ions are most
important (Xiao and Frey, 2008). It is reported that cations, couple
to the same anion counterpart, Cl� in this case, affect the gelatini-
zation process in the following order Mg2þ > Ca2þ > Liþ > Naþ > Kþ

(Viturawong et al., 2008). It is reported that carboxylated CNF is
stably dispersed at NaCl concentrations of � 50 mM and loses its
fluidity and partial gelation took place at NaCl concentrations of �
100 mM (Liu et al., 2018), and this can be attributed to the elec-
trostatic interaction between Naþ and COO�. In this study, the G0 of
CMF foam system is increased as the salt concentration increased.
However, in contrast to carboxylated CNF, CMF has almost no
charge, and its very weak electrostatic interaction with salt ions is
clearly not the cause of the increase in G'. With the addition of salt,
NaCl and CaCl2 dissolved in water can form hydrated Naþ, hydrated
Ca2þ and hydrated Cl� (Briscoe et al., 2000). They break the
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hydrogen bonds between CMFs and form hydrogen bonds with the
hydroxyl groups on the surface of CMF. Through hydrogen bonds
between ionized water molecules and hydroxyl groups on the
surface of CMF, CMF accumulates more at the air/liquid interface.
This phenomenon can explain that G0 of CMF foam system increases
with the increase of salt concentration. Therefore, the gel-like
network structure of CMF is enhanced with the increase of salt
concentration.
3.5.5. Micromorphology analysis of the foam stabilized by CMF
Encouraged by the above results, foams were observed by cryo-

SEM observation. As shown in Fig. 7(a) and (d), CMF exists at the
air/liquid interface, and the majority is in aqueous phase. The CMF
self-assembled in the aqueous phase in the absence of salt. The
remarkable similarities in parallel distribute direction in aqueous
phase and bubble surface are also found. Salt can promote the
formation of dense networks of CMF. Foam stabilized by CMF/NaCl
exhibits mostly regular aligned distribution (Fig. 7(b) and (e)),
while foam stabilized by CMF/CaCl2 has larger network density
(Fig. 7(c) and (f)), suggesting that CMF/salt interaction is very
important for foam stability. It has also been shown that the bubble
surface becomes flat and smooth. The adsorption of CMF at the air/
liquid interface can explain the liquid film's better elastic properties
and the increase in AV, especially the interfacial dilational modulus
of the liquid film. As a result, the stability of the foam is significantly
improved.
3.5.6. Proposed mechanism of CMF to stabilize foam at high
temperature and high concentration of NaCl and CaCl2

CMF can form a gel-like network at the air/liquid interface by
interaction, which hinders the gas from entering the base liquid
and prevents the migration of surfactant molecules from the water
phase to the air/liquid interface. Consequently, the stability of the
foam is improved. The addition of salt can make CMF networks
denser and stronger, improve the interfacial dilational modulus of
the liquid film, and play a positive role in increasing the thickness of
the foam liquid film and reducing the size of the bubbles. Thus, CMF
can significantly extend the drainage half-life and enhance the salt
tolerance of the foam. Additionally, due to the excellent thermal
stability, CMF networks can keep the structure integrity at the air/
liquid interfaces under 120 �C for a long time. Accordingly, the foam
also has a high resistance to high temperatures.
4. Conclusion

(1) CMF is used as an eco-friendly salt resistant foam stabilizer.
Compared to other common molecule foam stabilizers, CMF
can maintain excellent foam stability in the presence of NaCl
and CaCl2 up to 6.0 wt% and 0.25 wt%, respectively.

(2) CMF mainly adsorb on the bubble liquid film to achieve foam
stabilization effect. They can improve the interfacial dila-
tional modulus of the liquid film and enhance the salt
tolerance of the aqueous foam.

(3) The addition of NaCl or CaCl2 can promote the formation of
gel-like network structure of CMF and increase the visco-
elastic modulus of the liquid phase, thereby increasing the
strength of the gel-like network structure, so as to build a
more stable foam system.

(4) CMF has good thermal stability. We confirm that after aging
at 120 �C, there will be no obvious negative impact on the
formation of gel-like network structure of CMF. Therefore,
the CMF foam system has a high temperature resistance of
120 �C.



Fig. 6. Rheological properties of dispersions. (a) (c) Apparent viscosity (AV) and (e) (f) elastic modulus (G0) and viscous modulus (G00) of dispersions at different concentrations of
NaCl and CaCl2 (wt%). (b) (d) Apparent viscosity (AV) of dispersions at different concentrations of NaCl and CaCl2 (wt%) after aging at 120 �C.
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Fig. 7. Micromorphology of the foam stabilized by CMF. (a) (d) Cryo-SEM images of foam containing CMF only. (b) (e) Cryo-SEM images of foam containing CMF of 1.0 wt% and NaCl
of 6.0 wt%. (c) (f) Cryo-SEM images of foam containing CMF of 1.0 wt% and CaCl2 of 0.25 wt%. (g) Foam stabilizing mechanism of CMF in schematic illustration.
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(5) CMF, as a low-cost and environmentally friendly foam sta-
bilizer, is expected to be used under high salinity conditions,
especially for oil industry.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgements

This work was supported by the National Natural Science
Foundation of China (Grant No.51991361 and Grant No.51991362),
the foundation of China University of Petroleum (Beijing) (Grant
No.2462021YXZZ002).

References

Abascal, D.M., Gracia-Fadrique, J., 2009. Surface tension and foam stability of
commercial calcium and sodium caseinates. Food Hydrocolloids 23 (7),
1848e1852. https://doi.org/10.1016/j.foodhyd.2009.02.012.

Alqus, R., Eichhorn, S.J., Bryce, R.A., 2015. Molecular dynamics of cellulose amphi-
philicity at the graphene-water interface. Biomacromolecules 16 (6),
1771e1783. https://doi.org/10.1021/acs.biomac.5b00307.

Amani, P., Karakashev, S.I., Grozev, N.A., et al., 2021. Effect of selected monovalent
salts on surfactant stabilized foams. Adv. Colloid Interface Sci. 295, 102490.
2510
https://doi.org/10.1016/j.cis.2021.102490.
Banerjee, M., Saraswatula, S., Williams, A., et al., 2020. Effect of purification

methods on commercially available cellulose nanocrystal properties and
TEMPO Oxidation. Processes 8 (6), 698. https://doi.org/10.3390/pr8060698.
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